influenza A virus E ffector CD8 ϩ T cells specific for epitopes comprised of viral peptides bound to MHC class I glycoproteins (pMHC1) are required for efficient, acute control of the infectious process (1-3). Characteristically, virus-specific CD8 ϩ T cells recognize relatively few of the many possible pMHC1 combinations (4), whereas individual populations targeted to one or another pMHC1 complex vary in magnitude such that reproducible immunodominance hierarchies can be identified after primary or secondary challenge (4). Although the phenomena of epitope selectivity and differential prominence have been known for years, the underlying mechanisms are still unclear. Among the likely influences are relative protein abundance, differential antigen processing, efficiency of peptide binding to MHC1, variations in CD8 ϩ T cell precursor frequencies, and ''immunodomination,'' whereby prominent CD8 ϩ T cell specificities suppress ''minor'' responses (4-16 
influenza A virus E ffector CD8 ϩ T cells specific for epitopes comprised of viral peptides bound to MHC class I glycoproteins (pMHC1) are required for efficient, acute control of the infectious process (1-3). Characteristically, virus-specific CD8 ϩ T cells recognize relatively few of the many possible pMHC1 combinations (4), whereas individual populations targeted to one or another pMHC1 complex vary in magnitude such that reproducible immunodominance hierarchies can be identified after primary or secondary challenge (4) . Although the phenomena of epitope selectivity and differential prominence have been known for years, the underlying mechanisms are still unclear. Among the likely influences are relative protein abundance, differential antigen processing, efficiency of peptide binding to MHC1, variations in CD8 ϩ T cell precursor frequencies, and ''immunodomination,'' whereby prominent CD8 ϩ T cell specificities suppress ''minor'' responses (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . How these various factors balance out to determine immunodominance hierarchies in a normal immune response is far from clear.
An intriguing immunodominance hierarchy is found for the CD8 ϩ T cell responses to the nucleoprotein NP 366 (20) . Furthermore, there is evidence to suggest that even within the DC population the D b NP 366 epitope is presented at higher levels than D b PA 224 (9) .
The present analysis investigates the contributions of T cell numbers and epitope presentation levels in the influenza virusspecific cellular immune response. By expressing the NP 366 tially modify the capacity of these viruses to replicate in the respiratory tract (Fig. 1A) .
By using quantitative real-time PCR, the relative levels of NP, viral acid polymerase (PA), and NA mRNA were determined after in vitro infection of EL4 cells with the A͞PR͞8͞34 H1N1 influenza virus (PR8) wt, NA NP , and NA PA influenza A viruses. This analysis served to ensure that insertion of novel peptide sequences into the NA did not disrupt transcription and provided insight into the likely abundance of NP 366 and PA 224 from the native protein versus the engineered NA stalk, which is likely to be a key factor determining peptide availability to the MHC class I glycoproteins. Similar ratios were observed for the NP, NA, and PA transcripts in all three infections (Fig. 1B) , indicating that neither the introduction of additional peptide sequence into NA nor N5Q substitution in the native NP and PA (NP Ϫ and PA Ϫ ) perturbs normal transcription profiles. Given that the NA mRNA levels were 2-to 4-fold higher than those for PA but substantially (3-to 5-fold) lower than those for NP, it is likely that the insertion of NP 366 or PA 224 into NA leads to lower and higher abundance, respectively, of these peptides relative to that from the wt viruses. Also, the NP 366 and the PA 224 peptides are presumably produced at similar levels after infection with the NA NP or NA PA viruses, reflecting the amount of NA made. After infection with wt influenza A viruses, the D b NP 366 epitope can be detected on a spectrum of cell types, whereas efficient D b PA 224 presentation is restricted to DCs (9, 10) . Furthermore, D b NP 366 appears before D b PA 224 on the DC plasma membrane, measured kinetically by using brefeldin A to block export of newly synthesized pMHC1 complexes from the endoplasmic reticulum (7). This assay was used to determine whether the profiles of epitope expression were modified for the NA NP or NA PA viruses ( Fig. 1 C-H) . As expected, whereas the presence of the NP 366 peptide in the native context (NP ϩ PA Ϫ ) led to equivalent levels of D b NP 366 presentation on all three APC populations ( Fig. 1 C-E (Fig. 1H) . Furthermore, both the rate and overall level of D b PA 224 expression on all three APC populations were significantly enhanced when they were infected with the NA PA rather than the PA ϩ NP Ϫ or wt viruses ( Fig. 1 F-H) . Conversely, the amounts of D b NP 366 were uniformly decreased across all APC populations when the peptide was expressed in the NA rather than in the native position ( Fig. 1 C-E) . Although the presentation of D b NP 366 by the NP ϩ PA Ϫ -and NA NP -infected DCs appeared equivalent at 12 h, this was most likely because of saturation of T cell activation and would therefore not necessarily be a reflection of equivalent presentation ( Fig. 1 C and D 224 were then measured by tetramer staining of splenocytes at the peak of the response on day 10 after infection ( Fig. 2A) . The numbers of D b NP 366 -specific CD8 ϩ T cells were greatly decreased (P Ͻ 0.00001) after infection with the NA NP virus compared with the NP ϩ PA Ϫ virus (Fig. 2 A) . Conversely, the size of the D b PA 224 -specific CD8
ϩ T cell population induced by the NA PA virus was substantially increased (P Ͻ 0.001) relative to the results for the PA ϩ NP Ϫ challenge (Fig. 2 A) . Both sets of findings correlated with the profiles of protein expression and antigen presentation inferred from the RT-PCR (Fig. 1B) and IFN-␥ stimulation experiments ( Fig. 1 C-H) .
Comparison of mice infected with either the NP ϩ PA Ϫ or PA ϩ NP Ϫ viruses indicated that the D b NP 366 -specific response was, on average, two times greater than that induced by the D b PA 224 epitope (first and third sets of data in Fig. 2 A) . However, infection with the NA viruses reversed this relationship to give a D b PA 224 -specific response that was five times larger (second and fourth sets of data in Fig. 2 A) . Thus, when these peptides are identically situated within the NA protein and consequently presented at equivalent levels ( Fig. 1) , the primary D b PA 224 -specific CD8 ϩ T cell response seems to have a significant advantage (P Ͼ 0.0001) over that directed to D b NP 366 .
The diminished size of the acute D b NP 366 -specific response ( Fig.  2 A) induced by the NA NP virus was maintained into memory ( (Fig. 2B) . However, the smaller differences found early (Fig. 2 A) after priming among the NP ϩ PA Ϫ , PA ϩ NP Ϫ , and NA PA viruses were not sustained in the longer term (Fig. 2B) . The numbers of virus-specific CD8 ϩ T cells in the spleen decreased overall by a factor of Ϸ10 times during this interval (Fig. 2, compare  A with B) , which presumably led to some equilibration in population size.
T Cell Repertoire Analysis After Primary Infection. Given that altering the protein context of the NP 366 and PA 224 peptides significantly modifies both the antigen presentation characteristics for the D b NP 366 and D b PA 224 epitopes ( Fig. 1 ) and the magnitude of acute virus-specific CD8 ϩ T cell responses (Fig. 2) , it seemed reasonable to ask whether there was any consequent change in the D b NP 366 -and D b PA 224 -specific T cell receptor (TCR) repertoires, which have been extensively characterized after wt virus infection (23, 24) .
Single-cell RT-PCR analysis was performed on CD8 ϩ T cells from B6 mice primed i.p. 10 (Fig. 2B) . To what extent is this reflected in the magnitude of the recall response after secondary challenge? To analyze the secondary influenza A virus-specific CD8 ϩ T cell response we typically prime i.p with the PR8 (H1N1) influenza A viruses, rest the mice for at least a month, then infect i.n. with the relatively avirulent A͞HKx31 H3N2 influenza virus (HKx31 virus) that shares the PR8 internal components (including NP and PA) but carries different (H3N2) surface glycoproteins. The H3N23H1N1 cross-challenge ensures that there is no diminution of the input dose as a consequence of antibody-mediated neutralization (25) . Attempts to express the NP 336 and PA 224 peptides in the NA of the H3N2 virus have been unsuccessful, so it has not been possible to follow this protocol. Consequently, neutralization of the challenge virus was avoided by using Ig Ϫ/Ϫ MT mice for homologous i.p. prime͞boost studies with the PR8 viruses.
Looking first at the D b NP 366 -specific response in MT mice primed with the NP ϩ PA Ϫ virus, the lower antigenicity of the NA NP virus was clearly associated with a smaller recall response (compare first two bars in Fig. 3A) . Similarly, those primed with the NA NP virus, which induces a lower level of CD8 ϩ T cell memory in Ig ϩ/ϩ B6 mice (Fig. 2B) , showed a greatly diminished secondary response when challenged with the ''high-dose'' NP ϩ PA Ϫ virus (first and third bars in Fig. 3A) , indicating that this defect in precursor numbers was not overcome by increasing the subsequent antigen load. The results for the NA NP 3NA
NP challenge did not give the predicted result, but only two mice survived in this group (fourth bar in Fig. 3A) . The direct correlation between epitope dose and the extent of subsequent clonal expansion was, however, very clear for MT mice primed with either the PA ϩ NP Ϫ virus or the NA PA virus, because challenge with the NA PA virus induced a larger D b PA 224 -specific response, irrespective of the priming virus (Fig.  3B) . Unlike the situation for D b NP 366 -specific T cells, the priming regime had no obvious effect on the D b PA 224 -specific response (Fig.  3B ), but the numbers of memory T cells found in B6 mice at day 55 after the initial exposure to the PA ϩ NP Ϫ or NA PA virus were not significantly different (Fig. 2B) . Together (Fig. 3) , these results indicate that the magnitude of a secondary response is determined by both the relative availability of memory T cells before challenge and the effective antigen dose during challenge. Whereas the anomalous result seen for the groups primed with NA NP is most likely due to the limited number of mice in one group, it is possible that a high-dose antigen persistence in MT mice may be inducing 
apoptosis in the NP
ϩ PA Ϫ group, although this was not observed in mice receiving the PA 224 -expressing viruses.
The MT mice (Fig. 3 ) have small spleens and are not particularly robust, so the comparison was continued (Fig. 4) for conventional B6 mice primed with either the engineered NP ϩ PA Ϫ and PA ϩ NP Ϫ (Fig. 4A) (Fig. 2B) , but, after challenge with the native context viruses, the recall response to D b NP 366 is generally at least five times higher than the D b PA 224 -specific response (first and third bars in Fig. 4) (17-19, 26) . Again, the magnitude of the secondary response in the spleen on day 8 was directly related to the antigen load inferred from the in vitro studies (Fig. 1) . The numbers of D b NP 366 -and D b PA 224 -specific T cells induced by the NA NP and NA PA viruses were essentially equivalent (second and fourth bars in Fig.  4 ), whereas the counts for mice challenged with the NP ϩ PA Ϫ virus were higher (first and second bars in Fig. 4 ) and those challenged with the PA ϩ NP Ϫ virus were lower (third and fourth bars in Fig. 4 ) than those found after challenge with the NA NP and NA PA viruses, respectively. The relevant data set for the MT mice (Fig. 3) Because this analysis of epitope presentation used direct infection, no useful conclusions can be reached concerning the effect of possible cross-presentation on epitope availability. The shifts in epitope presentation are, however, clearly related to changes in protein abundance, which might be expected to affect both crosspresentation and direct presentation. (Fig. 5) . Although we currently have no direct method for counting the naïve repertoire, this interpretation is supported by TCR sequence data (23, 24) showing greater TCR repertoire diversity for the D b PA 224 -specific population relative to the D b NP 366 -specific set. This idea that the naïve D b PA 224 -specific precursor frequency is higher is also supported by a separate mathematical analysis (S. Perlman, unpublished observations) and by the observation that the primary response to D b PA 224 peaks 1-2 days earlier than that to D b NP 366 (17) (18) (19) 26) . Furthermore, our model suggests that, for the recall of memory, the presence of equivalent D b NP 366 -and D b PA 224 -specific memory CD8 ϩ T numbers combines with a relatively high level of D b NP 366 epitope presentation to generate the substantial D b NP 366 -specific T cell dominance observed after secondary challenge with wt virus (Fig.  5) . A correlation between precursor frequency and response magnitude was also found for D b NP 366 after secondary challenge of the NA NP -primed MT mice, where the high-dose NP ϩ PA Ϫ virus was unable to compensate for lower memory T cell numbers.
Because the mouse experiments used equivalent virus doses that caused viral protein synthesis without replicative infection (high titer i.p.) or induced comparable profiles of virus production in the respiratory tract (low titer i.n.), any alteration in the magnitude of the effective in vivo challenge may (at least for D b NP 366 ) be a direct reflection of the change in epitope density on the surface of individual APCs rather than an increase or decrease in APC numbers. Even so, positioning the PA 224 Interestingly, the present results indicate that selection of particular TCRs does not depend on antigen dose, because there was no change in the spectrum of repertoires selected by epitopes derived from either the native context or the NA stalk, suggesting an inherent plasticity of epitope-specific repertoires. Recruitment of specific T cells into an epitope-specific response, and thus the composition of the epitope-specific TCR repertoire, is likely to reflect the character of the pMHC1 antigen. The ''less featured'' surface presented to the TCR by D b NP 366 is clearly ''seen'' by a smaller spectrum of clonotypes than the ''more obtrusive'' D b PA 224 , with its projecting arginine (31) . In that sense, the pMHC1 epitope landscape that determines the diversity in selection of the TCR repertoire will influence the magnitude of the consequent immunodominance hierarchy after primary challenge by increasing the precursor frequency. However, the present analysis also suggests that any defect in the primary response associated with lower numbers of naïve precursors is readily overcome by increasing the effective antigen load. Although the composition of the responding T cell repertoires appears unchanged when induced by NA or wt context viruses, further studies would be required to determine whether the relative avidities of the epitope-specific populations are changed, because antigen dose has been shown by others to correlate inversely with T cell avidity (32, 33) . Recombinant Viruses. Mutant, recombinant influenza A viruses were generated by using an eight-plasmid reverse genetics system described in refs. 35 and 36. Recombinant PR8 (H1N1) viruses expressing either the NP 366 (ASNENMETM) or PA 224 (SSLEN-FRAYV) peptide inserted into the NA stalk at amino acid position 42 (referred to as the NA NP and NA PA viruses, respectively) also contained single amino acid mutations (28) Table  2 , which is published as supporting information on the PNAS web site).
Materials and Methods
Measuring Lung Viral Titers. Lungs were homogenized in 1 ml of RPMI medium 1640 containing 24 g͞ml gentamycin and 100 units͞ml penicillin͞streptomycin 24 h after i.n. infection with 200 pfu of wt, NA NP , or NA PA PR8 viruses, and titers (pfu͞ml) were determined by plaque assay on Madin-Darby canine kidney cell monolayers (37) .
Tetramer Staining. Virus-specific CD8 ϩ T cells were identified by using tetrameric complexes of H2D b and either the NP 366 or PA 224 peptide. Monomeric class I͞peptide complexes were provided by the Tetramer Core Facility at St. Jude Children's Research Hospital and were tetramerized by using streptavidin-conjugated phycoerythrin (PE) or allophycocyanin (Molecular Probes). Cells were stained with PE-or allophycocyanin-conjugated D b NP 366 or 
